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Ethylene is a gaseous plant hormone that most likely became a functional hormone during the evolution of charophyte green algae,
prior to land colonization. From this ancient origin, ethylene evolved into an important growth regulator that is essential for myriad
plant developmental processes. In vegetative growth, ethylene appears to have a dual role, stimulating and inhibiting growth,
depending on the species, tissue, and cell type, developmental stage, hormonal status, and environmental conditions. Moreover,
ethylene signaling and response are part of an intricate network in cross talk with internal and external cues. Besides being a crucial
factor in the growth control of roots and shoots, ethylene can promote flowering, fruit ripening and abscission, as well as leaf and
petal senescence and abscission and, hence, plays a role in virtually every phase of plant life. Last but not least, together with
jasmonates, salicylate, and abscisic acid, ethylene is important in steering stress responses.

This Update provides recent insights into the role of
ethylene on vegetative growth, both at the cellular and the
whole-plant levels, with special attention to hormonal
cross talk. Due to space restrictions, this Update is mainly
focused on Arabidopsis (Arabidopsis thaliana).

CELLULAR RESPONSES: ETHYLENE IN THE
CONTROL OF CELL DIVISION, CELL ELONGATION,
AND CELL DEATH

Ethylene and Cell Division

Few reports have addressed the role of ethylene on cell
division, revealing opposite actions on the cell cycle,
depending on tissue type and internal and external cues.
Ethylene stimulates cell division in the subepidermal
layers during apical hook development, probably acting
in cooperation with auxins (Raz and Koornneef, 2001).
The role of ethylene on cell division in roots is somewhat
conflicting. Ethylene does not change the expression
pattern of theCYCLIN-DEPENDENTPROTEINKINASE
B1;1 (CYCB1;1)-GUS reporter, indicating that it does
not affect mitotic activity in the root (R�uzicka et al.,
2007). Yet, it was shown that ethylene modulates cell
division in the stem cell niche of the quiescent center
(QC), resulting in supernumerary QC cells that will
develop in extra columella layers in the root cap
(Ortega-Martínez et al., 2007). Furthermore, root apical

meristem (RAM) size and cell number were shown to be
controlled by CULLIN3-type E3 ligases in an ethylene-
dependent manner (Thomann et al., 2009). Recently, it
was confirmed genetically and pharmacologically that
ethylene inhibits cell proliferation of theRAM, resulting in
smaller meristems (Street et al., 2015). The action of
ethylene on RAM size was shown to be mediated by the
ethylene receptors signaling primarily via the canonical
ethylene signaling pathway (over CONSTITUTIVE
TRIPLERESPONSE1 [CTR1]-ETHYLENE INSENSITIVE2
[EIN2]-EIN3/ETHYLENE INSENSITIVE3-LIKE [EIL])
and in part via an alternative two-component signaling
cascade involving ARABIDOPSIS RESPONSE REGU-
LATOR1 (ARR; a B-type ARR transcription factor; Street
et al., 2015). Furthermore, in the control of RAM prolif-
eration, ethylene was found to interact with both cytoki-
nins (CKs) and auxin, the latter likely mediated by the
auxin repressor SHORT HYPOCOTYL2 (INDOLE
ACETIC ACID3; Street et al., 2015). Ethylene also plays a
role during the differentiation of vascular tissue, where it
controls cell division rate (Etchells et al., 2012). It was
shown that ETHYLENE OVERPRODUCER eto1 and eto2
mutations stimulate vascular cell division and ethylene
signaling was required for vascular cell differentiation
(Etchells et al., 2012). In leaves, ethylene was shown to
cause cell cycle arrest upon mild osmotic stress, through
the inhibition of CYCLIN-DEPENDENT KINASE A ac-
tivity and independently from EIN3 transcriptional con-
trol (Skirycz et al., 2011). Ethylene also inhibits the mitotic
cell cycle in the abaxial cells of the leaf petiole through
the down-regulation of CYCLIN2A;1 expression,
partially contributing to the hyponastic response (Polko
et al., 2015).

Ethylene and Cell Elongation

Although ethylene is best known for its inhibition of
cell elongation both in dark-grown seedlings (as part of
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the triple response; Bleecker et al., 1988; Guzmán and
Ecker, 1990) and in light-grown plants (Rodrigues-
Pousada et al., 1993), there are several observations of
ethylene-stimulated cell elongation. For example, eth-
ylene induces cell elongation in the hypocotyl of seed-
lings grown in the light (Smalle et al., 1997) as well as
root hair elongation (Pitts et al., 1998) and petiole
elongation in certain ecotypes (Millenaar et al., 2005).
Cellular elongation is the net result of several processes,
including but not limited to the rearrangement of the
cytoskeleton, the relaxation of the cell wall, and the
uptake of water to establish sufficient turgor pressure.
Some of these processes are (at least in part) regulated
by ethylene.

Modification of the interior cytoskeleton, mainly via
the rearrangement of cortical microtubules (CMT), con-
trols the direction of elongation (Bashline et al., 2014).
Cell elongation is facilitated by changing the orientation
of the CMT perpendicular to the growth axis (Bashline
et al., 2014). Ethylene has been shown to rapidly (within
10 min) affect microtubule orientation in Arabidopsis
roots and hypocotyls, likely preventing cell elongation
and facilitating radial swelling (Le et al., 2004, 2005). The
opposite process has been observed in upper hypocotyl
cells when grown in the light (Le et al., 2005). Ethylene
can also induce petiole elongation as part of a hyponastic
growth response by rearranging the CMT from a longi-
tudinal toward a transverse orientation in the abaxial
cells (but not the adaxial cells; Polko et al., 2012). Re-
cently, it was shown that auxins, like ethylene, can also
rapidly induce the reorientation of CMT to prevent root
and hypocotyl elongation (Chen et al., 2014). However,
thiswas challenged by Baskin (2015), who demonstrated
that, upon removal of nearly all CMT by an oryzalin
treatment, seedlings still showed a strong inhibition of
root growth rate by auxin, suggesting that the auxin-
induced inhibition of cell expansion is independent
from CMT. It is also very likely that auxin and ethylene
signal via cross talk to regulate CMT orientation, al-
though this remains to be investigated.

Cellular elongation also requires cell wall loosening,
which is achieved by rearranging the cell wall matrix
polymers with the aid of cell wall-remodeling enzymes
(Cosgrove, 2000). Four major groups of cell wall-
remodeling enzymes control elongation: expansins (EXP),
xyloglucan endotransglycolases/hydrolases (XTH),
endo-1,4-b-glucanases, and pectin methylesterases
(Sasidharan et al., 2011; Bashline et al., 2014). Of these
four, mainly EXP and XTH are involved in ethylene-
regulated cellular elongation. In Arabidopsis, expan-
sins have been shown to be ethylene regulated during
root hair formation (Cho and Cosgrove, 2002) and the
submergence-escape elongation response (Polko et al.,
2012; Rauf et al., 2013). During these processes, ethylene
induces EXP expression and triggers a local, often tissue-
specific, elongation response. It has also been shown that
ethylene can regulate XTH expression during root hair
initiation (Vissenberg et al., 2001) and the submergence-
induced hyponastic response of Arabidopsis (Rauf et al.,
2013).

Ethylene and Cell Death

At given stages in the life cycle of plants, vegetative
development requires programmed cell death (PCD).
PCD facilitates organ growth and/or abscission as well
as defense reactions against biotic and abiotic stresses
(Van Hautegem et al., 2015).

One of the best known examples of PCD is the for-
mation of xylem cells, called xylogenesis (Bollhöner et al.,
2012). It was shown that, during the active phase of
xylogenesis, the expression of ethylene biosynthesis
genes (both 1-aminocyclopropane-1-carboxylic acid
[ACC] synthases [ACS] and ACC oxidases [ACO]) and,
consequently, ethylene production were increased, stim-
ulating xylem formation (Andersson-Gunnerås et al.,
2003; Love et al., 2009; Pesquet and Tuominen, 2011).
Ethylene production and ACO protein abundance were
also up-regulated in xylem cells during gravitational
bending of woody species (Andersson-Gunnerås et al.,
2003), resulting in the modification of xylem cell mor-
phology (Love et al., 2009; Ramos and Herrera, 2013),
ultimately leading to the formation of tension wood.

Another example of PCD is the formation of aeren-
chyma, which stimulates gas exchange during hypoxic
conditions, typical for semiaquatic species (Drew et al.,
2000). Aerenchyma formation was shown to be ethyl-
ene regulated in many species, including Arabidopsis
(Mühlenbock et al., 2007).

ETHYLENE AND GERMINATION

A complex balance between plant hormones regulates
seed dormancy and germination in response to envi-
ronmental signals. Ethylene biosynthesis, relying on the
activities of ACS and ACO, which convert the precursor
ACC to ethylene (Yang and Hoffman, 1984), increases
during germination, with a peak production upon rad-
icle protrusion (Corbineau et al., 2014). Although ACS is
usually the rate-limiting enzyme, ACO activity plays a
crucial role in seed germination. ACO1 and ACO2 are
the most important ACOs for ethylene biosynthesis in
the Arabidopsis seed (Linkies et al., 2009). Ethylene
promotes the germination of primary and secondary
dormant seeds and even of nondormant seeds under
unfavorable environmental conditions (Corbineau
et al., 2014). Consistently, gain-of-function mutations
in ETHYLENE RESPONSE1 (ETR1) and loss-of-function
mutations of EIN2, which decrease the ethylene response,
increased dormancy and postponed germination,
whereas mutations in ETO1 and CTR1, which increase
ethylene production and response, respectively, reduced
dormancy and accelerated germination (Beaudoin et al.,
2000; Ghassemian et al., 2000; Chiwocha et al., 2005;
Subbiah and Reddy, 2010). A recent study by Wilson
et al. (2014b) indicated that, under salt stress, the ethyl-
ene receptors ETR1, ETR2, and EIN4 have contrasting
functions during Arabidopsis seed germination. Loss of
ETR2 delayed germination, while loss of ETR1 and EIN4
advanced germination. However, the involvement of
ethylene in the regulation of germination under salt
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stress by ETR1 and ETR2 appeared to be minor. A dif-
ference in ethylene production or sensitivity was not ac-
countable for the contrasting effect on germination upon
the loss of ETR1 and ETR2. Furthermore, another study
by Wilson et al. (2014a) demonstrated that light, an im-
portant trigger of germination, affects the function of
ETR1 in germination. In etr1 loss-of-function alleles,
germination was promoted in darkness and under far-
red light, although not under other light conditions. The
latter result and the genetic interaction of ETR1 with
PHYTOCHROME A (PHYA) and PHYB suggest that the
regulation of germination by ETR1 ismediated by PHYA
and PHYB under far-red light. Nevertheless, underwhite
light and in darkness, ETR1 may affect germination in-
dependent of PHY signaling. Consistent with Wilson
et al. (2014b), ETR1 and ETR2 also had contrasting
functions under far-red light, and the involvement of
ethylene in the regulation of seed germination by ETR1
again appeared to be minor (Wilson et al., 2014a).
Apart from plant hormones, a role for reactive oxygen

species (ROS) in the regulation of seed germination
emerged. Recently, the accumulation ROS concomitant
with radicle protrusion was shown to be required for
seed germination (Liu et al., 2010; Leymarie et al., 2012).
Ethylene and ROS interplay is involved in the regulation
of cell elongation (El-Maarouf-Bouteau et al., 2014),
possibly through cell wall remodeling (Linkies and
Leubner-Metzger, 2012); however, this needs to be con-
firmed for Arabidopsis. Increasing evidence in various
plant species, including Arabidopsis, suggests that pro-
tein modifications represent a putative mechanism for
the cross talk between ethylene and the ROS nitric oxide
in the regulation of germination (Arc et al., 2013).

Ethylene Cross Talk during Germination

Seed dormancy and germination are regulated by a
complex cross talk of multiple plant hormones. The im-
portance of abscisic acid (ABA) and GAs in the regula-
tion of seed germination has long been established. ABA
initiates and maintains seed dormancy, whereas GAs
release dormancy and initiate seed germination (Arc
et al., 2013; Corbineau et al., 2014; Miransari and Smith,
2014). However, brassinosteroids (BRs), auxins, CKs,
and jasmonates (JAs) are also involved in the regulation
of seed germination (Linkies and Leubner-Metzger,
2012; Miransari and Smith, 2014). Nevertheless, a pos-
sible cross talk with ethylene has not yet been estab-
lished. Ethylene works antagonistically with ABA but
synergistically with GAs in the regulation of Arabi-
dopsis seed germination. The activity of ethylene in the
regulation of seed dormancy and germination is based
on reciprocal effects on both ABA and GA biosynthesis
and signaling (Arc et al., 2013; Corbineau et al., 2014).
Upon ABA and GA treatment during germination, eth-
ylene biosynthesis is affected through changes in ACO
rather than ACS expression. Furthermore, by means of
the ethylene biosynthesis mutant aco2, ethylene pro-
duction by ACO2 has been demonstrated to hinder
the ABA-controlled inhibition of endosperm rupture

(Linkies et al., 2009; Linkies and Leubner-Metzger, 2012).
Apart from ABA biosynthesis, ethylene also affects the
sensitivity to ABA in the regulation of germination
(Beaudoin et al., 2000; Ghassemian et al., 2000; Cheng
et al., 2009). In the eto3 and ctr1mutants, ABA sensitivity
was significantly reduced, while it was significantly en-
hanced in ethylene-insensitive alleles of etr1, ein2, and
ein6 (Subbiah and Reddy, 2010). Wilson et al., (2014b)
demonstrated that loss-of-function etr1 and etr2mutants
have reduced and enhanced ABA sensitivity during salt
stress, consistent with their faster and delayed germi-
nation, respectively. The function of ETR1 and ETR2
during salt stress thus seems to be mediated by ABA
rather than ethylene signaling. Moreover, under far-red
light, loss of ETR1 was demonstrated to affect ABA and
GA biosynthesis and sensitivity during germination
(Wilson et al., 2014a).

ETHYLENE AND APICAL HOOK DEVELOPMENT

To protect the delicate shoot apical meristem and
cotyledons from damage upon soil protrusion after un-
derground germination, the hypocotyl of dicotyledon-
ous seedlings forms a hook-like structure (Darwin and
Darwin, 1881; Guzmán and Ecker, 1990). The formation
of the apical hook initiates shortly after germination.
When the hook is completely closed, it is maintained
until exposure to light after emergence from the soil,
which heralds its unfolding (Raz and Ecker, 1999). The
gradual bending of the hook rests predominantly on
differential growth mediated by an auxin gradient, reg-
ulated by a complex hormonal cross talk (Fig. 1; Abbas
et al., 2013; Mazzella et al., 2014; �Zádníková et al., 2015).

In dark-grown Arabidopsis seedlings, ethylene elicits
an exaggeration of the apical hook, the inhibition of both
hypocotyl and root elongation, and radial swelling of the
seedling stem. The exaggeration of the hook curvature as
part of the triple response (Bleecker et al., 1988; Guzmán
and Ecker, 1990) stresses an important function of eth-
ylene in apical hook development and results from a
delay in the transition between hook formation and
maintenance (Fig. 1; Vandenbussche et al., 2010;
�Zádníková et al., 2010). Ethylene also regulates the
transition between hook maintenance and opening by
preventing hook opening (Fig. 1; Vandenbussche et al.,
2010; Gallego-Bartolomé et al., 2011; Smet et al., 2014).
Ethylene biosynthesis, perception, and signaling are in-
dispensable for a flawless development of the apical
hook. Ethylene-insensitive gain-of-function receptor
mutants have a defective apical hook, whereas ethylene-
hypersensitive alleles exhibit an exaggerated apical hook
curvature in the presence of ethylene. The constitutive
ethylene response mutant ctr1 exhibits an exaggerated
hook in the absence of ethylene (Abbas et al., 2013;
Mazzella et al., 2014). Apical hook development is defi-
cient in the ethylene-insensitive mutant ein2 (Guzmán
and Ecker, 1990), resulting from a severe inhibition of
apical hook formation (Smet et al., 2014). Similarly, loss
of function of the transcription factor EIN3 results in a
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reduced curvature, whereas EIN3 overexpression in-
duces an enhanced apical hook curvature (An et al.,
2012a). The ethylene-responsive gene HOOKLESS1
(HLS1), which encodes an N-acetyltransferase, is indis-
pensable for apical hook formation (Guzmán and Ecker,
1990; Lehman et al., 1996). Recently, An et al. (2012a)
showed that ethylene activates the transcription ofHLS1
through direct binding of the EIN3/EIL1 transcription
factors to its promoter.

Ethylene Cross Talk during Apical Hook Development

The differential elongation of the hypocotyl, underly-
ing apical hook development, is driven by an auxin
gradient (Friml et al., 2002; Li et al., 2004; Vandenbussche
et al., 2010; �Zádníková et al., 2010; Gallego-Bartolomé
et al., 2011). Auxin is differentially distributed in the
apical part, with an accumulation at the concave side
exceeding that of the convex side, concomitant with
hook formation and maintenance. Hook opening is as-
sociated with the fading of the asymmetrical auxin dis-
tribution (Fig. 1). The auxin gradient is established by
polar auxin transport regulated by a complex hormonal
network (Abbas et al., 2013; Mazzella et al., 2014;
�Zádníková et al., 2015).
Ethylene acts directly upstream of auxin in the regula-

tion of apical hook development, with HLS1 functioning
as a key factor between both plant hormones (Lehman
et al., 1996; Stowe-Evans et al., 1998; Li et al., 2004). Auxin

is able to restore the defective hook formation in the
ethylene-insensitive mutant ein2, indicating the impor-
tance of ethylene-mediated auxin biosynthesis in the
regulation of hook development. In support, ethylene was
shown to promote auxin production at the concave side of
the hook through up-regulation of the auxin biosynthesis
genes TRYPTOPHAN AMINOTRANSFERASE1 and
TRYPTOPHAN AMINOTRANSFERASE-RELATED2
(Vandenbussche et al., 2010). Furthermore, the regula-
tion of hook formation by ethylene depends on auxin
transport. Inhibition of auxin influx as well as efflux
hindered hook formation and exaggeration by ethylene.
Moreover, ethylene affects apical hook development by
regulating auxin transport. The expression of the auxin
influx carriers AUXIN RESISTANT1 (AUX1)/LIKE
AUXIN RESISTANCE3 and the auxin efflux carrier
PIN-FORMED3 (PIN3) was enhanced,while that ofPIN1
and PIN4 was reduced, by ethylene (Vandenbussche
et al., 2010; �Zádníková et al., 2010). BR, GA, and JA also
impinge on auxin biosynthesis, transport, and signaling
in the regulation of auxin distribution in the apical hook,
whether or not through ethylene (DeGrauwe et al., 2005;
Gallego-Bartolomé et al., 2011; An et al., 2012a; Smet
et al., 2014; Zhang et al., 2014b).

Upstream of auxin, GAs interact with ethylene in the
regulation of apical hook development. Both hormones
promote hook formation and prevent hook opening
(Fig. 1; Vandenbussche et al., 2010; �Zádníková et al.,
2010; Gallego-Bartolomé et al., 2011; Smet et al., 2014).
GA biosynthesis is indispensable for apical hook for-
mation and the ethylene-induced apical hook exaggera-
tion (Gallego-Bartolomé et al., 2011; An et al., 2012a), and
ethylene promotes GA biosynthesis in the apical hook
(Mazzella et al., 2014). Moreover, ethylene biosynthesis
is also targeted by GAs during hook development.
GAs enhanced the expression of ACS5/ETO2 and ACS8
in etiolated Arabidopsis seedlings (Gallego-Bartolomé
et al., 2011). della quintuple mutants exhibited an exag-
gerated apical hook curvature, which suggested that
GAs promote the ethylene-mediated hook formation
through the promotion of DELLA protein degradation.
Ethylene insensitivity inhibited hook exaggeration in
the della quintuple mutant, supporting an ethylene-
dependent regulation of apical hook formation by GAs.
Also, HLS1 proved indispensable for the constitutive
apical hook exaggeration in the della quintuple mutant
(An et al., 2012a). Both ethylene and GAs promoted
HLS1 expression (Gallego-Bartolomé et al., 2011; An
et al., 2012a). EIN3/EIL1 emerged as DELLA-associated
transcription factors, leading An et al. (2012a) to postu-
late a GA-nullified DELLA inhibition of EIN3/EIL1 as
the mechanism for the ethylene-GA cross talk in the
regulation of apical hook formation. However, GA
partially restored apical hook curvature of the ethylene-
insensitive mutant ein2, also indicating an ethylene-
independent GA regulation of hook formation
(Gallego-Bartolomé et al., 2011). Apart from apical
hook formation, GAs and ethylene are also involved in
hook opening. Both in the ethylene-insensitive mutant
ein2 and in the GA-insensitive mutant gai-1, hook

Figure 1. Simplified cross talk diagram on the regulation of the dy-
namics of apical hook development. Apical hook development pro-
ceeds in three distinct phases: formation (F), maintenance (M), and
opening (O). Hook formation initiates shortly after germination. After
complete formation, the hook is maintained for several hours before
opening (the apical hook dynamics shown here are for complete
darkness). The formation of the apical hook depends on differential
elongation driven by an auxin gradient, which is formed, maintained,
and lost concomitantwith the three phases of apical hook development.
Ethylene plays a central role upstream of auxin. BRs, GAs, and JAs in-
teract with ethylene in the regulation of the three phases of apical hook
development and the intermediary transitions (T). Red arrows indicate
inhibitory effects, whereas green arrows indicate stimulatory effects.
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maintenance is inhibited while hook opening is ad-
vanced, suggesting that both plant hormones post-
pone apical hook opening (Vandenbussche et al.,
2010; Gallego-Bartolomé et al., 2011; Smet et al., 2014). In
support, apical hook opening is even prevented in the
della quintuple mutant upon the administration of ACC
(Gallego-Bartolomé et al., 2011).
Recently, a cross talk between BRs and ethylene in the

regulation of apical hook development emerged. Etio-
lated BR-deficient mutants are hookless (Chory et al.,
1991; Kauschmann et al., 1996; Li et al., 1996; Szekeres
et al., 1996). Furthermore, the auxin response in the hook
changes when the biosynthesis of BRs is affected (De
Grauwe et al., 2005). Ethylene failed to exaggerate the
hook curvature upon the inhibition of BR biosynthesis,
suggesting that BRs are indispensable for the ethylene
regulation of hook formation (Fig. 1). Nevertheless, in
the absence of ethylene, the hook is not exaggerated by
BRs. The reduced exaggeration of apical hook curvature
by ethylene in the presence of BRs suggests, however,
that BRs down-regulate the ethylene activity in apical
hook formation (De Grauwe et al., 2005; Smet et al.,
2014). Apart fromhook formation, BRs and ethylene also
interact in the regulation of hook maintenance and
opening. BRs postponed the transition between hook
maintenance and opening and, therefore, similar to
ethylene and GAs, hamper apical hook opening (Fig. 1;
Vandenbussche et al., 2010; Gallego-Bartolomé et al.,
2011; Smet et al., 2014). However, ethylene postponed
hook opening in the absence of BR biosynthesis, sug-
gesting that, similar to hook formation, BRs also down-
regulate the ethylene activity in apical hook opening
(Smet et al., 2014).
In contrast with ethylene, BRs, and GAs, JAs recently

emerged as negative regulators of hook formation (Fig.
1). The JA regulation of apical hook development is also
mediated by ethylene. JAs inhibited the exaggeration of
apical hook curvature induced by enhanced ethylene
signaling in etiolated seedlings. However, upon JA
insensitivity, apical hook development and ethylene-
induced hook exaggeration remained unaffected,
indicating that JAs are dispensable for apical hook de-
velopment and the ethylene activity therein (Ellis and
Turner, 2002; Turner et al., 2002). The JA insensitivity of
hls1 seedlings again suggested a cross talk between
ethylene and JAs at the level of HLS1. Consistently, JAs
were shown to affectHLS1 expression in an EIN3/EIL1-
dependent manner. MYC2 was subsequently shown to
impede EIN3/EIL1 transcriptional activity through di-
rect binding with the promoter of EIN3. Hence, JAs are
assumed to counteract ethylene in the regulation of ap-
ical hook development by inhibiting the EIN3/EIL1-
mediated HLS1 expression through the binding of
MYC2 to EIN3 (Song et al., 2014; Zhang et al., 2014b).

ETHYLENE AND HYPOCOTYL GROWTH

Ethylene regulates hypocotyl growth both in light
and in darkness. In the dark, ethylene inhibits, whereas

in the light, it promotes, the growth of Arabidopsis
hypocotyls (Fig. 2). Light-grown eto2, ctr1, and EIN3-
overexpressing seedlings had longer hypocotyls,
whereas the hypocotyls of ethylene-insensitive etr1,
ein2, ein3, and ein3 eil1 seedlings were shorter (Smalle
et al., 1997; Alonso et al., 1999; Zhong et al., 2012; Yu
et al., 2013). During skotomorphogenesis, hypocotyl
growth is promoted, whereas during photomorpho-
genesis, it is inhibited, which is opposite to the effect
of ethylene during the respective developmental pro-
grams. Consequently, a light-dependent regulation of
hypocotyl growth by ethylene is expected.

In the dark, photomorphogenesis is repressed by
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1;
Leivar and Quail, 2011; Lau and Deng, 2012). COP1
proved to function downstream of EIN3 in the light.
Conversely, in darkness, COP1 acts upstream of EIN3.
Both ethylene and overexpression of EIN3 reduced the
expression of ETHYLENE RESPONSE FACTOR1 (ERF1)
in etiolated wild-type seedlings, whereas in dark-grown
cop1 seedlings, ERF1 expression was enhanced, sug-
gesting that COP1 regulates the transcriptional activity
of EIN3 (Liang et al., 2012).

Figure 2. Simplified cross talk diagram showing the effects of and in-
teractions between plant hormones in the regulation of hypocotyl de-
velopment. The effect of the plant hormones on elongation and their
interactions often differ between light and darkness. The hormonal cross
talk is less well established in darkness compared with light. Ethylene
plays an important role in the regulation of hypocotyl development, in
the light and presumably also in darkness, interacting with other plant
hormones. Red arrows indicate inhibitory effects, whereas green arrows
indicate stimulatory effects.
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Apart from COP1, photomorphogenesis is also re-
pressed in the dark by PHYTOCROME INTERACTING
FACTORS (PIFs; Leivar and Quail, 2011; Lau and
Deng, 2012). PIF3 proved to be indispensable for the
regulation of hypocotyl extension by ethylene in the
light, with EIN3 promoting PIF3 expression by directly
binding to its promoter. In darkness, the ethylene-
induced inhibition of hypocotyl elongation is also me-
diated by EIN3/EIL1, although independently of PIF3.
Both in light and in darkness, ethylene enhanced ERF1
expression. Nevertheless, overexpression of ERF1 sub-
stantially inhibited hypocotyl elongation in the dark,
suggesting that ethylene depends on ERF1 for the in-
hibition of hypocotyl growth in the dark (Zhong et al.,
2012).

As opposed to COP1 and PIFs, LONG HYPOCOTYL5
(HY5) transcription factors promote photomorphogen-
esis (Leivar andQuail, 2011; Lau andDeng, 2012), which
suggests their involvement in the regulation of hypo-
cotyl elongation. In support, ethylene was shown to
depend onHY5 in the regulation of hypocotyl growth in
the light but not in darkness (Liang et al., 2012; Yu et al.,
2013). HY5 emerged as an inhibitor of ethylene during
hypocotyl growth in the light. As for PIF3 (Zhong et al.,
2012), HY5 appeared to act downstream of EIN3 in the
regulation of hypocotyl growth by ethylene in the light.
Moreover, ethylene suppressed the accumulation but
not the expression of HY5. Ethylene promoted the nu-
clear localization of COP1 in the light, driving the deg-
radation ofHY5 (Yu et al., 2013). Hence, COP1, PIF3, and
HY5 implement light and ethylene in the regulation of
hypocotyl growth. Vandenbussche et al. (2007) demon-
strated that the regulation of hypocotyl elongation by
ethylene is blue light dependent and mediated by
cryptochrome signaling.

Ethylene Cross Talk during Hypocotyl Growth

Hypocotyl growth is regulated by a complex hormone
cross talk involving, apart from ethylene, also auxins,
BRs, GAs, ABA, and CKs. Some of these plant hormones
cooperate with ethylene therein. However, mutual in-
teractions independent of ethylene were also demon-
strated. As for ethylene, auxin is able to both inhibit and
promote the elongation of Arabidopsis hypocotyls
(Smalle et al., 1997; Collett et al., 2000). Inhibition of
auxin efflux hinders hypocotyl elongation in the light,
whereas in darkness, the effect is negligible (Garbers
et al., 1996; Lehman et al., 1996; Jensen et al., 1998).
However, hypocotyl elongation was significantly
inhibited in dark-grown auxin-resistant mutants (Liang
et al., 2012). Auxin biosynthesis, transport, and signaling
proved to be important for ethylene-induced hypocotyl
growth in the light (Fig. 2). Auxin accumulation was
enhanced by ethylene, concomitant with an increased
expression of the auxin biosynthesis genes YUCCA1 and
YUCCA5. The inhibition of auxin efflux suppressed
ethylene-induced hypocotyl elongation in the light.
Ethylene also up-regulated the expression of the auxin
transport genes AUX1, PIN3, and PIN7 in light-grown

seedlings. Furthermore, the elongation of the hypocotyl
in response to ethylene was inhibited in auxin-
insensitive mutants in the light (Liang et al., 2012).
Hence, the cross talk between ethylene and auxin in
hypocotyl growth seems to be mediated by light, pre-
sumably via COP1 (Liang et al., 2012; Yu et al., 2013).
Furthermore, HY5 has been shown to regulate the ex-
pression of genes involved in auxin signaling (Jing
et al., 2013).

GAs stimulate hypocotyl elongation mainly by tar-
geting the degradation of DELLA proteins, which nega-
tively affect growth (Schwechheimer, 2008; Hauvermale
et al., 2012). In light-grown Arabidopsis seedlings, GAs
promote hypocotyl elongation (Fig. 2), whereas in etio-
lated seedlings, hypocotyl lengths remain unaltered.
However, GA levels are significantly higher in etiolated
seedlings, promoting hypocotyl elongation, which ex-
plains the absence of additional stimulation of hypocotyl
elongation by exogenous GAs (Cowling and Harberd,
1999; Gendreau et al., 1999; Saibo et al., 2003). Consis-
tently, upon inhibition of GA biosynthesis, GA signifi-
cantly enhanced hypocotyl elongation in dark-grown
Arabidopsis seedlings (Zhang et al., 2010; Fig. 2). The
importance ofGAs for hypocotyl elongation in the dark is
also supported by the deetiolated growth of GA bio-
synthesis and signalingmutants in darkness and thewild
type treated with the GA biosynthesis inhibitor paclo-
butrazol (Alabadí et al., 2004; Vriezen et al., 2004). As for
ethylene, GAs negatively and positively regulate HY5
and PIFs, respectively, through COP1 or DELLAs (Jing
et al., 2013; Zhang et al., 2014a). Hence, a cross talk be-
tween ethylene andGAs in the light-mediated regulation
of hypocotyl elongation is expected. Consistently, in
light-grownArabidopsis seedlings, hypocotyl elongation
is even more enhanced when ethylene and GA are ad-
ministered together (Saibo et al., 2003). In blue light, the
inhibition of GA biosynthesis completely abolished the
ethylene-induced hypocotyl elongation, suggesting a
GA-dependent regulation (Vandenbussche et al., 2007).

Like GAs, BRs are growth-promoting hormones.
Arabidopsis BR biosynthesis and perception mutants
have a dwarfed stature and are constitutively photo-
morphogenic in the dark (Chory et al., 1991; Kauschmann
et al., 1996; Li et al., 1996; Szekeres et al., 1996). BRs pro-
mote hypocotyl elongation in the light, whereas in dark-
ness, depending on the dose, hypocotyl lengths are
unaffected or even reduced (Fig. 2). In the dark, the
ethylene-induced inhibition of hypocotyl elongation
was not promoted by BRs (Chen et al., 2013). Fur-
thermore, ethylene insensitivity, but not deficiency,
abolished the BR-induced inhibition of hypocotyl elon-
gation (Deslauriers and Larsen, 2010). Hence, in the
dark, an enhanced ethylene response mediates the BR-
induced inhibition of hypocotyl elongation (Fig. 2). In
the light, BRs further enhanced hypocotyl elongation
induced by ethylene, and BR deficiency reduced the
hypocotyl length in response to ethylene (Chen et al.,
2013). Furthermore, the BR-induced hypocotyl elonga-
tion in the light was suppressed upon inhibition of eth-
ylene perception. Ethylene and BRs thus appear to work
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antagonistically and interdependently in the regulation
of hypocotyl elongation in the light (Fig. 2). The receptor-
like kinase FERONIA was suggested to be a key mod-
ulator of the BR and ethylene responses in hypocotyl
growth (Deslauriers and Larsen, 2010).

ETHYLENE AND PRIMARY ROOT GROWTH

Since the discovery of the triple response, it has be-
come well established that ethylene plays an important
role during primary root growth (Smalle and Van Der
Straeten, 1997). More recent work with an octuple acs
mutant revealed a slightly smaller root phenotype and
an increased sensitivity toward externally applied ACC
(Tsuchisaka et al., 2009), suggesting that a small amount
of ethylene production is essential for normal root
development.
Ethylene affects primary root growth at two different

levels. First, ethylene induces stem cell division in the
RAM (Ortega-Martínez et al., 2007). Second, ethylene in-
hibits cell expansion in the root elongation zone (Le et al.,
2001). The action of ethylene on primary root growth is
the net result of a complex cross talkwith other hormones.
Currently, the ethylene-auxin cross talk is best estab-
lished, butmore recent studies also highlight that ethylene
interacts with other hormones during root development.

Ethylene Cross Talk during Primary Root Growth

The auxin-ethylene cross talk during root growth has
been primarily characterized at the molecular level by
Stepanova et al. (2007), Swarup et al. (2007), and
R�uzicka et al. (2007). Ultimately, this led to a hormone
interaction model that has been reviewed by several
authors (Benková and Hejátko, 2009; Vanstraelen and
Benková, 2012; Takatsuka and Umeda, 2014). An im-
portant aspect of primary root development is the es-
tablishment of an auxin gradient along the longitudinal
root axis. Polar transport drives the auxin flux through
the inner stele from the hypocotyl toward the RAM
in the QC, where a local auxin maximum drives the
maintenance of the meristem and pattern formation.
Subsequently, auxin is transported back upward, pre-
dominantly through the epidermis cells by means of
auxin carriers, creating an auxin gradient and deter-
mining cell fate along the root axis. This auxin gradient
is strictly regulated, and ethylene is one of the impor-
tant players that regulates the auxin flow (Fig. 3). Over
the years, an ethylene-auxin interaction model has been
proposed for primary root growth. Ethylene can stim-
ulate local auxin biosynthesis in the root apex and
stimulate shootward auxin transport. Ethylene also
enhances the auxin sensitivity of cells in the elongation
zone. Altogether, ethylene is required for the estab-
lishment of a normal auxin gradient. Abnormal levels
of ethylene will result in an imbalance in the auxin
gradient, which in turn will lead to a higher auxin
content in the elongation zone, resulting in the inhibi-
tion of cell elongation, a typical ethylene feature.

It is important to note that two intermediate signaling
components can intervene with the ethylene-auxin cross
talk. The first group of secondary messengers is flavonols,
which inhibit shootward auxin transport and cause the
inhibition of root elongation (Muday et al., 2012; Fig. 3).
Both ethylene and auxin can induce flavonol biosynthesis
via two independent signaling pathways that converge
through the MYB12 transcription factor (Lewis et al.,
2011b). A second important messenger is POLARIS (PLS),
a peptide acting as a negative regulator of the ethylene-
induced inhibition of root growth (Casson et al., 2002;
Chilley et al., 2006; Fig. 3). Ethylene down-regulates PLS
expression, while auxins up-regulate PLS expression
(Chilley et al., 2006). The pls mutant shows a short-root
phenotype and increased levels of the auxin efflux carriers
PIN1 and PIN2, while a PLS overexpression line shows a
decrease in PIN1 and PIN2 levels (Liu et al., 2013). The
double mutant pls etr1-1 did not show altered PIN levels,
suggesting that PLS-mediated changes in PIN levels are
regulated by ethylene signaling, which in turn alters the
auxin gradient and, therefore, root growth (Liu et al., 2013).

GAs also play an important role in root growth. GAs
promote the degradation of DELLA proteins, which
were shown to accumulate in the endodermal cells of
the elongation zone, where they inhibit root growth
(Davière and Achard, 2013). Recently, it was shown that
fluorescein-coupled GA also accumulates in the endo-
dermal cells of the elongation zone, where it likely reg-
ulates DELLA stability. Interestingly, ACC treatment
inhibited fluorescein-coupled GA accumulation, while
having no effect on the fluorescein-coupled GA levels in
ein2-5, suggesting that GA transport in the root epider-
mal cells is regulated by ethylene (Shani et al., 2013).

Figure 3. Simplified cross talk diagram showing the interaction model
between ethylene and other plant hormones that regulate primary root
development through the modulation of cell elongation. Ethylene has a
central hub position acting downstream of ABA, CKs, GAs, and BRs.
Ethylene, in its turn, regulates primarily auxin biosynthesis, transport, and
signaling, which is crucial for the establishment of the auxin gradient in
the root, which drives the regulation of cell elongation. Two intermediate
signaling molecules that affect root development and that are positioned
between ethylene and auxins are flavonols and PLS. Red arrows indicate
inhibitory effects, whereas green arrows indicate stimulatory effects.
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CKs also regulate root growth via cross talk with
ethylene (Fig. 3). Originally, it was shown that CKs
inhibit root growth and that this inhibition was medi-
ated via the ethylene signaling pathway (Cary et al.,
1995). Furthermore, CKs can induce ethylene biosyn-
thesis by stabilizing ACS5 protein levels (Chae et al.,
2003), resulting in a higher endogenous ACC content
(�Zd’árská et al., 2013). CKs also up-regulate the levels of
S-adenosyl methionine synthetase and ACO in the root
(�Zd’árská et al., 2013), most likely leading to a local
increase in ethylene production and, consequently, to
the inhibition of root elongation. Contradictorily,
Kushwah et al. (2011) showed that CKs can induce root
elongation instead of inhibition and that this response is
also mediated by the ethylene signaling pathway. More
research will be needed to unravel these aspects of
CK-ethylene cross talk on root development.

It was originally shown that ABA inhibits root growth
and that this ABA response is mediated by the ethylene
signaling pathway but not by ethylene biosynthesis
(Beaudoin et al., 2000; Ghassemian et al., 2000; Thole
et al., 2014). Recent reports have shown that ABA can
stabilize the C-terminal part of ACS6, leading to higher
ethylene production and, consequently, inhibition of
root elongation (Luo et al., 2014). On the other hand, the
ABA signaling protein PHOSPHATASE2C ABSCISIC
ACID-INSENSITIVE2 can dephosphorylate ACS6,
directing it for degradation, thus lowering ethylene
production (Ludwików et al., 2014; Fig. 3). Besides the
dual role of ABA on ethylene biosynthesis, it was shown
that plants with a lower ethylene production capacity
(aminoethoxyvinylglycine-treated plants and acs multi-
ple knockout lines) all have decreased ABA sensitivity
with relation to inhibition of root growth, while the
ethylene-overproducing mutant eto shows increased
ABA sensitivity (Luo et al., 2014). Thus, ABA can me-
diate ethylene biosynthesis, and it inhibits root elonga-
tion through the downstream action of ethylene.

BRs also play a dual role in root growth. Low con-
centrations of BRs can induce root growth, while high
concentrations inhibit root growth, a response that is
independent of ethylene (Clouse et al., 1996; Müssig
et al., 2003). On the other hand, BRs can induce ethylene
production in roots, suggesting that BRs can direct the
ethylene-regulated inhibition of root growth (Müssig
et al., 2003; Fig. 3). Recent work by Fridman et al. (2014)
reported a cell type-specific cross talk interaction be-
tween ethylene and BRs. A cell type-specific expression
of the BR receptor BRASSINOSTEROID INSENSITIVE1
(BRI1) in root hair cells induced cell elongation in all root
cells, while a specific expression of BRI1 in nonhair cells
inhibited root cell elongation. Moreover, nonhair cell
expression of BRI1 appeared to induce ACS expression,
and EIN2 was indispensable for the BRI1-induced root
cell inhibition, suggesting that BR acts upstream of eth-
ylene to inhibit root elongation.

Altogether, it is clear that ethylene interacts with
other hormones to regulate primary root growth. A
general interaction model where ethylene plays a cen-
tral role is presented (Fig. 3). GAs, CKs, ABA, and BRs

act (in part) upstream of ethylene, directing ethylene
biosynthesis and/or requiring ethylene signaling in
order to regulate the inhibition of root elongation, while
auxin seems to act downstream of ethylene.

ETHYLENE AND LATERAL ROOT DEVELOPMENT

Besides primary root development, ethylene also
plays an important role during the initiation and growth
of lateral roots. It was initially shown that enhanced
ethylene synthesis (upon ACC treatment or in eto1 mu-
tants) or signaling (in ctr1 mutants) reduced lateral root
formation. Ethylene-insensitive mutants (etr1 and ein2),
on the other hand, enhance lateral root formation (Negi
et al., 2008). Lowdoses of ACC promote the formation of
lateral root primordia, as also evidenced by ACS1 ex-
pression (Rodrigues-Pousada et al., 1993), but the out-
growth of these primordia through the pericycle is
prevented by ethylene (Ivanchenko et al., 2008). Similar
to other vegetative developmental stages, ethylene does
not act alone on lateral root development but interacts
with other hormones.

Ethylene Cross Talk during Lateral Root Development

A major player in lateral root development is auxin,
which promotes lateral root development. Auxin will
prime pericycle cells, initiate cell cycle progression,
stimulate asymmetric division, and ensure the emergence
and elongation of the lateral root (for review, see Lavenus
et al., 2013). Auxin and ethylene have antagonistic
effects in lateral root development. Ethylene reduces
DR5rev:GFP expression in the regions where lateral roots
emerge, suggesting a locally reduced auxin responsive-
ness (Lewis et al., 2011a). Arabidopsis seedlings also
show a local depletion of PIN3 and PIN7 abundance in
the region just below developing lateral root primordia,
matching the DR5rev:GFP expression pattern, suggesting
a local depletion of auxin. This, in turn, results in a local
auxin accumulation just above the lateral root primordia,
giving rise to the formation of lateral roots (Lewis et al.,
2011a; Aloni, 2013). Ethylene will prevent this local auxin
depletion, predominantly by increasing PIN3 and PIN7
expression and abundance, thus increasing rootward
auxin transport, which suppresses the local auxin max-
ima at lateral root primordia, inhibiting their outgrowth
(Lewis et al., 2011a; Muday et al., 2012; Aloni, 2013).

ETHYLENE AND ADVENTITIOUS
ROOT DEVELOPMENT

Adventitious roots are lateral roots initiated above-
ground from the hypocotyl, instead of belowground
from the primary root. In Arabidopsis, ethylene inhibits
the formation of adventitious roots (Sukumar, 2010).
Root-excised seedlings treated with ACC, as well as the
eto1 and ctr1mutants, showed fewer adventitious roots,
while ethylene-insensitive mutants showed an increase
in adventitious roots. On the other hand, ethylene
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inhibits auxin-stimulated adventitious root formation.
It must be noted that, in other species, ethylene can
stimulate adventitious root formation and that other
hormones are also involved in the formation of ad-
ventitious roots (for review, see Bellini et al., 2014;
Verstraeten et al., 2014).

ETHYLENE AND ROOT HAIR DEVELOPMENT

Thedevelopment of root hairs is stimulated by ethylene
(Tanimoto et al., 1995). Ethylene-insensitive etr1 and ein2
mutant alleles show shorter root hairs, while ethylene-
overproducing eto1 mutants show longer root hairs,
supporting that ethylene stimulates root hair elongation
(Pitts et al., 1998; Rahman et al., 2002). Ethylene also
regulates the differentiation of root epidermal cells, since
the ctr1-1mutant bears ectopic root hairs, as do wild-type
roots treated with the ethylene precursor ACC (Tanimoto
et al., 1995; Cao et al., 1999). The higher order acsmutants
(hextuple and octuple mutants) exhibit an increased sen-
sitivity toward ACC, reflected by an increase of root hair
formation when treated with ACC (Tsuchisaka et al.,
2009). The position of root hair emergence is also ethylene
regulated, because the ethylene-overproducing mutant
eto1 forms root hairs closer to the apical end of the root
hair cell, while a dominant ethylene-insensitive etr1 mu-
tant forms root hairs closer to the basal end of the root hair
cell (Masucci and Schiefelbein, 1996). The exact location of
root hair emergence is determined by the local auxin
gradient, which, in turn, is partially regulated by ethylene
(Ikeda et al., 2009). The action of ethylene (and other
hormones like CKs) is at least in part mediated via the
transcription factor C2H2 ZINC FINGER PROTEIN,
which is a key regulator of root hair initiation and de-
velopment in Arabidopsis (An et al., 2012b).
Auxin can also stimulate root hair formation in-

dependent from as well as in collaboration with eth-
ylene (Grierson et al., 2014). For example, both auxin
and ethylene can independently restore the root hair-
deficient (rhd) phenotype of the rhd6 mutant (Masucci
and Schiefelbein, 1994).On the other hand, auxin is able to
rescue root hair defects in the ein2-1 mutant (Rahman
et al., 2002). Auxin transport, and more precisely auxin
influx via AUX1, is another point of cross talk that regu-
lates root hair elongation, as evidenced by the suppres-
sion of the long-root-hair phenotype of the eto1mutant in
the eto1 aux1 double mutant (Strader et al., 2010).
Ethylene also interacts with JA to regulate root hair

development (Zhu et al., 2006). JA biosynthesis inhibi-
tors (ibuprofen and salicylhydroxamic acid) block the
ACC-induced root hair formation, while ethylene in-
hibitors (Ag+ and aminoethoxyvinylglycine) block the
JA-promoted formation of root hairs (Zhu et al., 2006).

CONCLUSION AND FUTURE PERSPECTIVES

Ethylene is a developmental regulator that operates in
manifold physiological processes in all tissues through-
out the plant life cycle. Compared with animals, plants

have relatively few hormones, suggesting the necessity
for hormonal cross talk. Over the years, hormonal bio-
synthesis and signaling pathways have been elucidated,
allowing scientists to identify crucial players in hormo-
nal interactions. This Update summarized key findings
on ethylene and its cross talk with other hormones in the
model species Arabidopsis, focusing on major develop-
mental and growth phases of the vegetative life cycle
and highlighting the different modes of action of ethyl-
ene in diverse tissues. Future challenges in the field of
hormone research are grand, because it has become ev-
ident over the years that hormonal cross talk is not linear
and should be tackled in a multidimensional space. This
means that scientists should try to understand the three-
dimensional spatial but also temporal relationships
between two hormones, as well as the real-time con-
centration dependence, and their interdependent rela-
tionships with other hormones. The latter complex
network of hormonal cross talk is not static but highly
dynamic, again affected by time (development)- and
space (cell and tissue specificity)-related factors. This
Update highlighted the first studies where ethylene
sensitivity and cross talk is cell type specific within a
certain tissue and developmental stage. Future en-
deavors should provide more insight in these single-cell
regulatory mechanisms.

Last but not least, the Gordian knot of hormonal cross
talk dynamics is also affected by external clues such as,
for example, light or temperature. Furthermore, it re-
mains critical to precisely link hormone dynamics with
a well-characterized phenotype. Major progress in the
field of hormone biology will most likely be backed up
by advancements in computer-aided phenotyping. The
latter will enable plant scientists to further comprehend
and visualize the vast hormonal cross talk dynamics.
Received May 18, 2015; accepted July 29, 2015; published July 31, 2015.
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